The effect of a negative Poisson ratio is experimentally revealed in the tension deformation of a natural layered ceramic. This effect can increase the volume strain energy per unit volume by 1100% and, simultaneously, decrease the deformation strain energy per unit volume by about 44%, so that it effectively enhances the deformation capacity by about 1 order of magnitude in the tension of the material. The present study also shows that the physical mechanisms producing the effect are attributed to the climbing on one another of the nanostructures in the natural material, which provides a guide to the design of synthetic toughening composites. DOI: 10.1103/PhysRevLett.100.245502 PACS numbers: 62.20.Fÿ, 46.50.+a, 81.07.ÿb, 87.85.Jÿ Poisson's ratio is defined as the negative of the lateral strain divided by the longitudinal strain when a load is applied in the longitudinal direction. It theoretically ranges from ÿ1:0 to 0.5 based on thermodynamic considerations of strain energy in the theory of elasticity [1] . In practice, all ordinary materials, which undergo a lateral contraction when stretched and a lateral expansion when compressed, exhibit a positive Poisson ratio from 0 to 0.5 [2] . For example, the Poisson ratios for various materials are approximately zero for cork, 0:14 0:17 for SiC, 0.26 for Al 2 O 3 , 0.33 for aluminum, 0.42 for silicon, 0.45 for lead, and nearly 0.5 for rubbers and soft biological tissues [3] [4] [5] [6] . The materials with a negative Poisson ratio are theoretically permissible but, with a few exceptions, have not been observed in real materials and are believed to be unknown [2, 3] . However, Love presented a single example of cubic ''single crystal'' pyrite with a negative Poison's ratio of ÿ0:14 and suggested that the effect may result from a twinned crystal [7] . Recently, it was indicated that negative Poisson's ratios may be a feature of cubic metals [8, 9] . In addition, Lakes obtained a type of foam material with a negative Poisson's ratio by designing cellular structures [3] and he pointed out that the effect of a negative Poisson's ratio may play an important role in the fracture toughness of the materials [10, 11] . In particular, the man-made hierarchical laminates with a chevron structure were recently predicted to have a negative Poisson's ratio in a specified direction, the physical mechanism of which was illustrated by a hinged framework that unfolds under tension [12, 13] , whereas the natural hierarchical laminates were deduced to rarely have such a characteristic [14, 15] . However, the natural hierarchical laminates such as the nacres of molluscs have a fracture work 3 to 4 orders of magnitude higher than the pure mineral made of the materials themselves [16, 17] , to which synthetic hierarchical laminates are never comparable [18, 19] . It is implied that nacre has the capacity of energy absorption much higher than that of the synthetic laminates. Many investigations proved that the microstructure of nacre was the main reason producing the high mechanical performance of the material [20 -28], so that the microstructure has become the biomimetic design target of synthetic high performance materials [29] [30] [31] [32] [33] . Although the synthetic materials that mimicked nacre's microstructure were proven to be more fracture resistant than the materials without the microstructure, they did not have a toughness comparable to nacre [19] . This is an indication that the microstructural mechanisms generating the excellent mechanical properties of nacre have not been well understood yet [28] [29] [30] [31] . In the present Letter, we first reveal a novel phenomenon in the tension deformation of nacre, i.e., the effect of the negative Poisson's ratio of about ÿ0:38; then, we indicate that the effect can yield very high energy absorption so that the material obtains a tensile deformation about 1 order of magnitude greater than that of the aragonite mineral made of nacre itself, and finally, the mechanism yielding the negative Poisson's ratio, which is proven to be different at all from the reported previously, is pointed out.
Poisson's ratio is defined as the negative of the lateral strain divided by the longitudinal strain when a load is applied in the longitudinal direction. It theoretically ranges from ÿ1:0 to 0.5 based on thermodynamic considerations of strain energy in the theory of elasticity [1] . In practice, all ordinary materials, which undergo a lateral contraction when stretched and a lateral expansion when compressed, exhibit a positive Poisson ratio from 0 to 0.5 [2] . For example, the Poisson ratios for various materials are approximately zero for cork, 0:14 0:17 for SiC, 0.26 for Al 2 O 3 , 0.33 for aluminum, 0.42 for silicon, 0.45 for lead, and nearly 0.5 for rubbers and soft biological tissues [3] [4] [5] [6] . The materials with a negative Poisson ratio are theoretically permissible but, with a few exceptions, have not been observed in real materials and are believed to be unknown [2, 3] . However, Love presented a single example of cubic ''single crystal'' pyrite with a negative Poison's ratio of ÿ0:14 and suggested that the effect may result from a twinned crystal [7] . Recently, it was indicated that negative Poisson's ratios may be a feature of cubic metals [8, 9] . In addition, Lakes obtained a type of foam material with a negative Poisson's ratio by designing cellular structures [3] and he pointed out that the effect of a negative Poisson's ratio may play an important role in the fracture toughness of the materials [10, 11] . In particular, the man-made hierarchical laminates with a chevron structure were recently predicted to have a negative Poisson's ratio in a specified direction, the physical mechanism of which was illustrated by a hinged framework that unfolds under tension [12, 13] , whereas the natural hierarchical laminates were deduced to rarely have such a characteristic [14, 15] . However, the natural hierarchical laminates such as the nacres of molluscs have a fracture work 3 to 4 orders of magnitude higher than the pure mineral made of the materials themselves [16, 17] , to which synthetic hierarchical laminates are never comparable [18, 19] . It is implied that nacre has the capacity of energy absorption much higher than that of the synthetic laminates. Many investigations proved that the microstructure of nacre was the main reason producing the high mechanical performance of the material [20 -28] , so that the microstructure has become the biomimetic design target of synthetic high performance materials [29] [30] [31] [32] [33] . Although the synthetic materials that mimicked nacre's microstructure were proven to be more fracture resistant than the materials without the microstructure, they did not have a toughness comparable to nacre [19] . This is an indication that the microstructural mechanisms generating the excellent mechanical properties of nacre have not been well understood yet [28] [29] [30] [31] . In the present Letter, we first reveal a novel phenomenon in the tension deformation of nacre, i.e., the effect of the negative Poisson's ratio of about ÿ0:38; then, we indicate that the effect can yield very high energy absorption so that the material obtains a tensile deformation about 1 order of magnitude greater than that of the aragonite mineral made of nacre itself, and finally, the mechanism yielding the negative Poisson's ratio, which is proven to be different at all from the reported previously, is pointed out.
Test samples were made of the nacre of the Hyriopsis schlegeli shells and were soaked in water over three weeks. We performed in situ quasistatic uniaxial tension tests of nacre in a Hitachi S-570 scanning electron microscope (SEM) equipped with a loading stage, which was operated at a strain rate 0.001 s up to failure. All tested data of longitudinal stress-strain, together with the surface images of nacre at different loading levels, were automatically recorded by the SEM and dealt with by using the image analysis system. Based on the surface images, we used the digital speckle correlation method to obtain the longitudinal and transverse strain fields of nacre. In the tensile tests, the behavior of nacre initially presented a linear elastic response such as a pure aragonite mineral when longitudi-
week ending 20 JUNE 2008 0031-9007=08=100 (24)=245502 (4) 245502-1 © 2008 The American Physical Society nal strain was less than 1:2 10 ÿ3 . Then, a large region of inelastic strain, which coarsely ranged from 1:2 10 ÿ3 to 0.01 and appeared to harden slightly, was yielded from elastic limit stress of about 70 MPa up to the failure of nacre, as shown in Fig. 1(a) . In the elastic deformation region, the transverse strain of nacre was approximately measured to be about ÿ0: 4 10 ÿ3 , as shown in Fig. 1(b) , and the Poisson's ratio of nacre was calculated as 0.32, which is very similar to aluminum. In the inelastic strain region, when the longitudinal strain increased from 1:2 10 ÿ3 to 4:4 10 ÿ3 , the tested sample continued to contract laterally up to the transverse strain approaching to ÿ1:71 10 ÿ3 . The average Poisson ratio in this region was approximated to be 0.42, which is similar to lead and rubbers; when the longitudinal strain increased from 4:4 10 ÿ3 to 6:1 10 ÿ3 , the transverse contraction of nacre ceased and the transverse strain coarsely maintained a constant, ÿ1:71 10 ÿ3 , and the average Poisson's ratio approximated to be zero, which is coarsely equal to cork; however, when the longitudinal strain was increased from 6:1 10 ÿ3 to 9:2 10 ÿ3 , the tested sample appeared to undergo a transverse expansion. In this deformation region, the total value of transverse strain was increased from ÿ1:71 10 ÿ3 to about ÿ0:54 10 ÿ3 and the corresponding transverse strain was measured to be 1:17 10 ÿ3 . The Poisson's ratio of nacre became a negative value and was computed to be about ÿ0:38, which is a novel value of Poisson's ratio that has not been found in existing materials, and when the longitudinal strain was greater than 9:2 10 ÿ3 and up to the failure of the sample, the transverse strain remained a constant and the Poisson's ratio of nacre approximated that of cork again, as shown in Figs. 1(b) and 1(c). In the whole tension deformation, the total longitudinal and transverse strain of nacre were measured to be about " L 0:01 and " T ÿ0:54 10 ÿ3 , respectively. In the deformation that nacre experienced, the longitudinal strain with the transverse strain region of a negative Poisson's ratio was approximately equal to that with the transverse strain region of a positive Poisson's ratio. Compared with ordinary materials, the effect of the negative Poisson's ratio should play a key role in the large deformation that nacre generated in the tension. Under an applied stress , the total strain energy per unit volume of the tested material is written as U 2 =2E, which can be separately divided into the density of volume strain energy, U V 1 ÿ 2 2 =6E, and the density of deformation strain energy, U D 1 2 =3E [34] , where and E are the Poisson's ratio and the Young's modulus of material, respectively. When the tested nacre transversely shrank with the Poisson's ratio 0:42, the ratio between the densities of volume and total strain energy was calculated to be U V1 =U 5:3% and the ratio between the densities of deformation and total strain energy was expressed as U D1 =U 94:7%. However, when the tested nacre transversely expanded with the Poisson's ratio ÿ0:38, the ratio between the densities of volume and total strain energy was U V2 =U 58:7% and the ratio between the densities of deformation and total strain energy was U D2 =U 41:3%. It is shown that the negative Poisson's ratio largely increased the density of volume strain energy and effectively decreased the density of deformation strain energy in the total energy that nacre was input in the tension. In particular, compared the state of strain energy under ÿ0:38 with that under 0:42, we obtain the ratios between the two volume strain energies and between the two deformation strain energies to be U V2 =U V1 11 and U D2 =U D1 0:44, respectively. This is an indication that the effect of the negative Poisson's ratio effectively increased the volume strain energy per unit volume of the material by 1100% and decreased the deformation strain energy per unit volume of the material by about 44%. It is implied that nacre spent more energy on its volume change and less energy on its deformation. Therefore, the materials with a negative value of Poisson's ratio, compared with ordinary materials, can absorb more input work before the failure of the materials.
In order to study the mechanism generating the negative Poisson's ratio in the tensile tests of nacre, we based on the microstructures of nacre, together with the fact that the deformation and failure of nacre only occurs in the overlap region of each of the aragonite platelets of nacre when nacre is subjected to a tensile stress in the direction parallel to the aragonite platelets [25, 27, 28] . Nacre is renowned for the ''brick-mortar'' microstructure [16, 30] , which contains 95 vol.% of interlocking aragonite platelets staggered in successive layers and separated by 5% organic matrix layers in which there are large numbers of mineral bridges passing through the mortar layers and connecting successive aragonite platelets [35] [36] [37] , as shown in Fig. 2 . From the microstructures of nacre, we calculated the average sliding distance of an overlap region in the tension to be l " L l p 80 nm, which is equal to the average spacing between two neighboring mineral bridges in the overlap region, where l p 8 m is the average spacing of each of the aragonite platelets [20, 36] . This is an indication that the whole course of the tension of nacre just corresponds to the course that a mineral bridge in the overlap region experienced from shear deformation and fracture, sliding in the organic matrix layer and barging up against a neighboring mineral bridge, up to the climbing between the two neighboring mineral bridges on one another and finally shearing to fracture the macromolecules of the organic matrix, as shown in Figs. 3(a)-3(e) . In detail, when the longitudinal strain of nacre was from 0 to 4:4 10 ÿ3 , the mineral bridges in the overlap region deformed and fractured, and then, the upside and the underside of each of the fractured mineral bridges intrude into the organic matrix in the opposite direction. In this course, the mineral bridges in the overlap region were rapidly fractured one by one and the macromolecules of organic matrix became the principal carrier of the load in the overlap region [27, 28] . When the longitudinal strain of the tested nacre ranged from 4:4 10 ÿ3 to 6:1 10 ÿ3 , the upside and the underside of each of the fractured mineral bridges levelly slid along the opposite direction in the organic matrix layer. When the longitudinal strain ranged from 6:1 10 ÿ3 to 9:2 10 ÿ3 , the different rest parts of the two neighboring fractured mineral bridges climbed one another. It is such the climbing that nacre produces transverse expansion and negative Poisson's ratio in the tension deformation process, which is different at all from the mechanism of the man-made laminates by hinged framework that unfold under tension [12, 13] and the twinned crystal of cubic metals [7] [8] [9] . Finally, the climbing sheared to fracture all macromolecules of organic matrix and resulted in the failure of nacre.
As stated above, the effect of a negative Poisson's ratio can effectively enhance the energy absorption and the deformation capability in the deformation of materials, which is vital to the applied processes of a lot of engineering materials, especially engineering ceramics. Therefore, the microstructures that can induce to yield the effect of a negative Poisson's ratio should be given sufficient attention in the engineering design of synthetic composites. The average thickness of an aragonite platelet layer and an organic matrix layer are 500 and 25 nm, respectively, the average spacing of each of the aragonite platelets is about 8 m. An aragonite platelet of nacre is divided into two regions: The ''core'' is the region that is common to the platelets belonging to the same column, and the ''overlap'' region corresponds to the area where platelets from adjacent columns overlap. The length of overlap is about 1=3 length of a platelet on the cross section of nacre. (b) There are a large number of mineral bridges in the organic matrix layers. The minimum and maximum parts of the diameter of the mineral bridges are about 20 and 50 nm, respectively, and the height of the mineral bridges is equal to the thickness of the organic matrix layers. In the core region, the average bridge-to-bridge spacing between the neighboring mineral bridges is about 50 nm and in the overlap region, the average bridge-to-bridge spacing between the neighboring mineral bridges is about 80 nm. 
